"spread" chromosomes suggests that these two subunits are bound to chromosomes from S phase until the A multisubunit cohesin complex holds sister chromaonset of anaphase. Such analyses have not thus far tids together after DNA replication. Using chromatin permitted the detection of cohesin at specific chromoimmunoprecipitation, we detected cohesin associasomal sites, for example centromeres. Knowing more tion with centromeres and with discrete sites along precisely where cohesin binds to chromosomes would chromosome arms from S phase until metaphase in address whether cohesin itself forms the bridges that S. cerevisiae. Short DNA sequences (130-280 bp) are hold sisters together or whether it is merely required for sufficient to confer cohesin association. Cohesin asthe formation and maintenance of such bridges. sociation with a centromere depends on Mif2p, the Cohesin's association with chromosomes requires a centromere binding factor CBF3, and a centromerespecialized protein, Scc2p (Toth et al., 1999). However, specific histone variant, Cse4p. Because only active little is known about either the mechanism of cohesin's centromeres confer cohesin association with centroassociation with chromosomes or about the structures meric DNA, we suggest that cohesin is recruited by generated during this process. More is known about the the same chromatin structure that confers the attachmechanism by which cohesin disappears from chromoment of microtubules. Propagation of this structure somes at the onset of anaphase. Two of cohesin's submight be partly epigenetic. Finally, cohesion associunits, Scc1p and Scc3p, suddenly dissociate from chroated with "minimal" centromeres is insufficient to remosomes at the time of sister chromatid separation in sist the splitting force exerted by microtubules and a process that depends on activation of the "separin" appears to be reinforced by cohesion provided by their To define cohesin association sites more precisely, we One of the great mysteries about centromere function measured the fraction of DNA immunoprecipitated with concerns how sister centromeres attach to microtubules Scc1p. We performed this by comparing the amount of that extend to opposite poles of the cell, a feature that PCR product amplified from serial dilutions of total and lies at the heart of the mitotic process. Two sorts of immunoprecipitated DNA (Figure 2A ). Figure 2B commechanism, a geometric and a mechanical one, could pares the percentage of DNA within immunoprecipitates confer such "bipolar" attachment. According to the geoin wild-type and smc1-259 mutant cells at sites spaced metric model, sister centromeres are held together in a 1 kb apart in a region on the right arm of chromosome manner that ensures that their microtubule-binding sites V (as shown in Figure 1A ). We detected at least two point in opposing directions. The "mechanical" alternaSmc1p-dependent Scc1p association sites: one around tive is that tension generated by bipolar but not unipolar 548.7-549.7 kb and another at 556 kb. We conclude that attachment is required to stabilize microtubule attachScc1p associates with discrete sites along a chromoment. Both models rely on cohesion between sister censome arm. tromeres, which might be expected to depend on Using this method, we also measured the association cohesin. It is therefore a key question whether cohesin of Scc1p with centromeres from chromosome III and VI is indeed a component of active centromeres. In this (CEN3 and CEN6, respectively) and with a late replicapaper, we characterize the recruitment of cohesin to tion origin ARS609 ( Figure 2B ). We detected strong centromeres. We also show that cohesion supplied by Smc1p-dependent association of Scc1p with both CEN3 core centromere sequences is insufficient to resist the and CEN6. Figure 2C ). This suggests either matin using formaldehyde to cross-link proteins to DNA that Scc1p association sites cluster around CEN3 or in intact cells. We prepared extracts from yeast cells that cohesin binding spreads from this centromere. treated with formaldehyde, sheared chromatin to an average size of 500 bp, and used the polymerase chain reaction (PCR) to measure the abundance of specific (at 554 kb; called V554) with which Scc1p normally does Scc1p association to V554 that were comparable to that found at endogenous CEN6 sequences ( Figure 3C ). not associate ( Figure 3A) . Two of these eight fragments conferred Scc1p association to levels comparable to However, Scc1p association only occurred after cells had been transferred to glucose medium. We conclude that of the region from which these sequences had been derived ( Figure 3B ). We conclude that particular DNA that 130 bp containing CDEI-II-III are sufficient to confer cohesin's association with a centromere. Transcription sequences derived from a high Scc1p association region can alone confer cohesin association. through this region largely abolishes cohesin association. To investigate whether specific centromere sequences can also confer cohesin association, we placed 130 bp CDEII and CDEIII Confer Cohesin's Association with a Centromere of CDEI-II-III sequences from CEN6 adjacent to the
mechanism has any role in triggering anaphase in animal Cohesion is established during DNA replication and percells, where most, but possibly not all, cohesin dissocisists throughout G2 and the early stages of mitosis. Its ates from chromosomes during prophase; that is, signifidestruction at the metaphase to anaphase transition is cantly before sisters actually separate (Losada et al., thought to trigger the segregation of sister chromatids 1998). (reviewed in Miyazaki and Orr-Weaver, 1994; Bickel and Chromosome segregation during mitosis depends on Orr-Weaver, 1996; Nasmyth, 1999). the assembly of large multiprotein complexes at centroIn S. cerevisiae, sister chromatid cohesion depends meres, which in higher cells correspond to discrete cytoon a complex called cohesin, which contains at least logical structures called kinetochores. These complexes four subunits: Scc1p (also known as Mcd1p or Rad21p), provide the means by which chromosomes are attached Scc3p, Smc1p, and Smc3p (Guacci et al., 1997; Michaeto microtubules of mitotic spindles (reviewed in Choo, lis et al., 1997). The establishment of cohesion, but not 1997). In S. cerevisiae, three small centromere DNA eleits maintenance during G2 and M phase, depends on ments, called CDEI, CDEII, and CDEIII, are necessary and sufficient to confer the segregation of sister chromatids. CDEI and CDEIII contain highly conserved se-sequence 78-87 bp in length. CDEII and CDEIII are esTanaka and Nasmyth, 1998). When we used a set of PCR primer pairs from a region on the right arm of sential for centromere function, while CDEI is necessary only for high-fidelity chromosome transmission. CDEIII chromosome V ( Figure 1A ), we detected selective immunoprecipitation with all four cohesin proteins (Scc1p, is bound by a complex called CBF3, which contains at least four subunits: Ndc10p (CBF3A), Cep3p (CBF3B), Scc3p, Smc1p, and Smc3p) of a DNA fragment at 549.7 kb from the left telomere ( Figure 1B) . A fragment at 558 Ctf13p (CBF3C), and Skp1p (CBF3D) ( Figure 6A ). The kinetics of associasuggest that the formation of such structures is not conferred by DNA sequence alone but also by the history tion measured at this site by CHIP and its dependence on Smc1p ( Figure 1D ) are similar to the association of of use of those sequences as centromeres (reviewed in Karpen and Allshire, 1997). The implication is that the de bulk Scc1p with spread chromosomes (Michaelis et al., 1997). novo assembly of kinetochore structures is less efficient than their propagation/duplication during S phase. Until now, such epigenetic phenomena were not thought to Cohesin Associates with Centromeres and Discrete apply to the supposedly simpler S. cerevisiae centroSites along a Chromosome Arm meres.
To define cohesin association sites more precisely, we One of the great mysteries about centromere function measured the fraction of DNA immunoprecipitated with concerns how sister centromeres attach to microtubules Scc1p. We performed this by comparing the amount of that extend to opposite poles of the cell, a feature that PCR product amplified from serial dilutions of total and lies at the heart of the mitotic process. Two sorts of immunoprecipitated DNA (Figure 2A ). Figure 2B commechanism, a geometric and a mechanical one, could pares the percentage of DNA within immunoprecipitates confer such "bipolar" attachment. According to the geoin wild-type and smc1-259 mutant cells at sites spaced metric model, sister centromeres are held together in a 1 kb apart in a region on the right arm of chromosome manner that ensures that their microtubule-binding sites V (as shown in Figure 1A ). We detected at least two point in opposing directions. The "mechanical" alternaSmc1p-dependent Scc1p association sites: one around tive is that tension generated by bipolar but not unipolar 548.7-549.7 kb and another at 556 kb. We conclude that attachment is required to stabilize microtubule attachScc1p associates with discrete sites along a chromoment. Both models rely on cohesion between sister censome arm. tromeres, which might be expected to depend on Using this method, we also measured the association cohesin. It is therefore a key question whether cohesin of Scc1p with centromeres from chromosome III and VI is indeed a component of active centromeres. In this (CEN3 and CEN6, respectively) and with a late replicapaper, we characterize the recruitment of cohesin to tion origin ARS609 ( Figure 2B ). We detected strong centromeres. We also show that cohesion supplied by Smc1p-dependent association of Scc1p with both CEN3 core centromere sequences is insufficient to resist the and CEN6. (at 554 kb; called V554) with which Scc1p normally does Scc1p association to V554 that were comparable to that found at endogenous CEN6 sequences ( Figure 3C ). not associate ( Figure 3A) . Two of these eight fragments conferred Scc1p association to levels comparable to However, Scc1p association only occurred after cells had been transferred to glucose medium. We conclude that of the region from which these sequences had been derived ( Figure 3B ). We conclude that particular DNA that 130 bp containing CDEI-II-III are sufficient to confer cohesin's association with a centromere. Transcription sequences derived from a high Scc1p association region can alone confer cohesin association. through this region largely abolishes cohesin association. To investigate whether specific centromere sequences can also confer cohesin association, we placed 130 bp CDEII and CDEIII Confer Cohesin's Association with a Centromere of CDEI-II-III sequences from CEN6 adjacent to the GAL1-10 (GAL) promoter (whose activity is induced by
The ability of inactive (or partially inactive) CEN fragments to recruit cohesin to V554 was measured without galactose and suppressed by glucose) and inserted this GAL-CDEI-II-III fusion at V554, which created a di-GAL control. Thus, we found that CDEIII alone conferred weak cohesin association, which was augmented by centric version of chromosome V ( Figure 3A ). Transcription from the GAL promoter suppresses the function of adding 21 bp of CDEII ( Figure 3D ). In contrast, a fragment containing both CDEI and CDEII was incapable of conthe ectopic centromere, which enables propagation of the dicentric chromosome (Hill and Bloom, 1989). Inferring any association. These data suggest that efficient cohesin recruitment depends on the formation of a funcdeed, cells harboring GAL-CDEI-II-III at V554 grew normally in galactose but not in glucose. As controls, we tional centromere. Using GAL controlled constructs, we found that CDEII-III conferred a level of Scc1p associainserted either the GAL promoter alone at V554 or 620 bp of CEN3 DNA under the GAL promoter. The resulting tion comparable to authentic CEN6, whereas CDEIII plus 47 bp of CDEII conferred only half as much Scc1p assostrains were cultured in the presence of galactose and then transferred to nocodazole-containing medium with ciation as authentic CEN6 ( Figure 3E ). CDEIII is therefore essential for cohesin's recruitment, whereas CDEII is either galactose or glucose. The 620 bp CEN3 and the 130 bp CDEI-II-III fragments both conferred levels of needed for full association. Interestingly, the amount of Figure 4A) . Surprisingly, Scc1p's association with the authentic CEN6 was almost normal in all three type) were all able to proliferate in glucose, confirming that the mutations had indeed compromised centromere mutants at 60 min (see below). Our data suggest that a highly specific chromatin structure containing CBF3, activity. These data suggest that the ability of centromeres to recruit cohesin is intimately related to their Mif2p, and centromere-specific nucleosomes recruits cohesin to centromeres. function. (B) Cells harboring each of eight DNA sequences (V548.1-V550.2 whose integration made strains K8255-K8258, K8204-K8206, and K8259, respectively; for instance, V548.1 is a DNA fragment spanning V548.1) were cultured with nocodazole for 2 hr. Scc1-Myc association was quantified at 542 kb (V542; negative control), V554, and CEN6. For quantitation at V554, PCR primers spanning the integration site were used. The results with CEN6 analysis were used to calibrate those of V542 and V554. Percentages of immunoprecipitated DNA for V548.4 and V549.6 DNA sequences inserted at V554 were 0.182% and 0.159%, respectively. (C) As in Figure 3A , we integrated at V554 the GAL promoter alone, CDEI-II-III (130 bp) derived from CEN6, and 620 bp from CEN3, both adjacent to the GAL promoter (strains K8037, 8031, and 8032, respectively). Cells were grown in YEP containing 2% raffinose and 2% galactose (YEP-RaffGal), and then incubated either in YEP containing 2% glucose (YEP-Glc) plus nocodazole (Glc) or in YEP-RaffGal plus nocodazole (Gal) for 2 hr. For quantitation of Scc1-Myc's association with the GAL promoter alone or GAL-CDEI-II-III, one PCR primer was within the GAL promoter and another was between V553 and V554 (CDEI-II-III was spanned by two primers). For measuring association with GAL-CEN3, PCR primers within the GAL promoter and within CEN3 sequence spanned CDEI-II-III of CEN3. Scc1-Myc association was also measured at V542 and at the authentic CEN6. 
Cohesin Is Not Required to Maintain CBF3's
the other three span sites on the arms of chromosome VI ( Figure 4B ). The level of Ndc10p associated with CEN6 Association with a Centromere To investigate whether CBF3's association with centroremained constant throughout the cell cycle, irrespective of the presence of Scc1p. We conclude that cohesin is not meres depends on cohesin, we measured the association of Ndc10p with CEN6 DNA as cells progressed needed to maintain CBF3's association with a centromere. through the cell cycle in the presence or absence of Scc1p. For this purpose, we used a strain whose sole
The Chromatin Structure that Recruits Scc1p to Centromeres Might Be SCC1 gene was under control of the GAL promoter. We used centrifugal elutriation to isolate unbudded G1 cells Epigenetically Inherited We consistently noted major differences between the lacking Scc1 protein from a culture that had 90 min previously been shifted to medium lacking galactose. behavior of centromeres that had been recently activated (i.e., by repressing galactose-induced transcripThese cells were then cultured in the presence or absence of galactose. Ndc10p association with CEN6 was tion) and authentic ones that had been active during preceding cell cycles. Whereas cse4-1, mif2-3, and measured by amplification of chromatin fragments using four pairs of primers, one of which spans CEN6, while ndc10-1 mutations abolished recruitment of cohesin to cohesin's association with CDE elements in the absence of CBF3 activity. However, we noted that ndc10-1 caused only a 2-fold reduction in the level of Scc1p associated with GAL-CDEI-II-III at V554 when the authentic CEN5 had been deleted and the cells were grown continuously in glucose as in Figure 5A (data not shown) . Thus, Scc1p associates with "established" but not "naive" centromeres when ndc10-1 cells are shifted to the restrictive temperature ( Figure 5C ). We noticed a similar difference between authentic and recently established centromeres when analyzing the effects on cohesin binding of mutated CDE elements. The 16A→C CDEIII mutation greatly reduces Scc1p association with GAL-CDEI-II-III at V554 (Figure 3F ). Nevertheless, a version of CEN6 carrying this very same mutation supports the propagation of a yeast artificial chromosome (YAC), albeit with a loss rate of 1.5% per cell cycle (Sears et al., 1995) , and recruits normal amounts of Scc1p ( Figure 5B ). Similar results were obtained when 39 bp of CDEII are deleted. It is possible that sequences flanking CEN6 present on the YAC facilitate cohesin's association when core CDE elements are mutated. Another possibility is that mutations like 16A→C greatly reduce the probability of forming de novo a chromatin structure capable of recruiting cohesin but that once such structures have been established the very same mutation has only modest if any effect on cohesin's recruitment ( Figure 5C ). of dissociation of Scc1p and Smc1p was even more apparent at CEN6 (Figure 6B ). Thus, Smc1p and Smc3p newly activated centromeres at V554, the same mutaremain associated with a centromere and with arm sites tions had little or no effect on Scc1p's recruitment to for some time, at least until telophase, after Scc1p's authentic CEN6 in the same cell ( Figure 4A ). The ndc10-1 cleavage and dissociation from chromosomes. Our data mutation had only a modest effect on the kinetics with suggest that Smc1p and Smc3p might remain associwhich Scc1p associates de novo with CEN3 as cells ated for somewhat longer at centromeres than at chroenter S phase at the restrictive temperature ( Figure 5A) , mosome arm sites. even though the very same mutation causes a massive failure of chromosome segregation when these cells Cohesion Mediated by Core Centromeres Is enter mitosis. Scc1p's association at an arm site in Insufficient to Counteract Spindle Forces ndc10-1 cells was also similar to wild type (data not To measure cohesion mediated by core centromeric shown). One possible explanation for this discrepancy is sequences, we introduced a minichromosome containing a minimal CEN6 (130 bp) and an array of 112 that sequences flanking authentic centromeres facilitate ϩ , SCC1-myc18) and K7722 (ndc10-1, SCC1-myc18) were released from ␣ factor arrest into nocodazole as in Figure 1D . FACS analysis of DNA contents was similar to that in Figure 1D . Scc1-Myc association was also measured at V553 as a negative control. (B) Scc1-Myc's association with CEN6 mutant variants on YACs. The strains harbored a 360 kb YAC (URA3) with CEN6 (1.2 kb) whose CDEs were wild type (K7777) or mutated (K7778 CDEI⌬; K7780 CDEII⌬39bp; K7866 CDEIII[16A→C]). The authentic CEN6 in these strains was replaced by CEN11 (Sears et al., 1995) . Cells were grown in uracil-free medium and then incubated in YEP-Glc plus nocodazole for 2 hr. Scc1-Myc association was measured at YAC CEN6, the authentic CEN3, and V542 (as a negative control). CDEIII(16A→C) was confirmed by directly sequencing the PCR product. (C) Summary of results and a model for epigenetic regulation of cohesin association. Looped DNA represents the chromatin structure that recruits Scc1p to centromeres. "established" CEN represents centromeres that had been active during preceding cell cycles (like authentic CENs). "naive" CEN designates the case when GAL promoter adjacent to the centromere sequence is turned off by transfer to glucose. "cse4 etc" means cse4, mif2, or ndc10. See details in text. tandem tetracycline (tet) operators into cells whose se-0.9 kb CEN4 region also separated precociously (data not shown). Furthermore, the precocious separation of quences close to the centromere of chromosome V were marked with 336 tet operators (Michaelis et al., 1997). minichromosomes was unaffected by the precise location of tet operators relative to their CEN sequences This strain also expressed a tet repressor fused to green fluorescent protein (GFP), which enabled the simultane-(data not shown). These data suggest that core CEN sequences cannot confer sufficient cohesion to counterous detection of both the minichromosome and the endogenous chromosome V in the very same cells (the act the splitting force exerted by microtubules during early stages of mitosis. minichromosome being associated with the fainter GFP signal; Figure 7A ). Sister chromatid separation was measured by counting the number of weak and strong Centromere-Flanking Sequences and an Arm Cohesin Association Site Both Contribute GFP dots per cell as G1 cells isolated by centrifugal elutriation progressed through the cell cycle ( Figure 7A) .
Smc1p and Smc3p Persist at a Centromere and with Arm Sites after Dissociation of Scc1p
to Sister Chromatid Cohesion To measure sister chromatid cohesion more rigorously, Chromosome V sister chromatids separated 60 min after the bud emergence, when spindles elongated. Surpriswe used cdc20-3 mutant cells, which fail to degrade the separin inhibitor Pds1p and arrest in metaphase at the ingly, many if not most sister minichromosomes separated nearly 30 min earlier. The separation of minichrorestrictive temperature. Separation of minichromosome and chromosome V sister chromatids was measured as mosomes was reduced by addition of nocodazole (data not shown), which suggests that it arises due to microtu-G1 cells isolated by elutriation progressed through the cell cycle at 35ЊC ( Figure 7B ). As previously reported bule activity. We obtained similar results when we compared the timing of minichromosome and chromosome (Ciosk et al., 1998) , sequences close to the centromere of chromosome V largely failed to separate under these V sister separation by analyzing two separate strains in which either one or the other was marked with tet conditions. In contrast, a large fraction of sister chromatids from a minichromosome containing a 0.9 kb CEN4 operators (data not shown). A minichromosome with a We exploited the precocious sister separation of minichromosomes in cdc20 mutants to investigate whether cohesin association sites actually confer cohesion. To do this, we measured the kinetics of sister separation of a minichromosome with 0.9 kb CEN4 region plus either 16 tandem copies of a 280 bp sequence that confers cohesin binding (V549.6; see Figure 3B ) or 16 tandem copies of a sequence that does not (V549.3) ( Figure 7C ). The cohesin-positive tandem array, but not the negative one, delayed the onset of precocious sister separation and reduced its extent. The effect of the cohesin-positive array was similar to that provided by 5.7 kb of CEN4-flanking DNA. A cohesin-positive array (in this case eight copies of V549.6) also reduced the rate of minichromosome loss more efficiently than either a cohesin-negative array (V549.3) or an array containing seven copies of H4ARS (V549.6 might contain the ARS501 replication origin; Bishop et al., 1992) in cdc20-3 cells ( Figure 7D, right) . Thus, cohesin-positive sequences reduce precocious sister separation more than cohesinnegative ones. These data are consistent with the notion that cohesin association sites actually confer sister chromatid cohesion.
Discussion
Centromere Elements CDEII and CDEIII Confer yeast's remarkably simple centromere DNA elements (CDEs) not only bind cohesin but are also sufficient to confer its recruitment. Remarkably, a centromere's abilregion separated within 60 min of bud formation. This ity to recruit cohesin is directly related to it's ability to precocious separation occurred in the absence of any mediate chromosome segregation. Thus, all mutations signs of nuclear division and was largely suppressed by that reduce centromere function also recruit lower addition of nocodazole (data not shown). The extent of amounts of cohesin. There are two types of explanation precocious sister chromatid separation was less with a for this. Cohesin's recruitment to centromeres might be minichromosome containing 5.7 kb of CEN4-flanking a crucial aspect of their function. Alternatively, cohesin sequences and less still with one containing 10.7 kb, might be recruited to centromeres by the same chromabut still much greater than that of chromosome V (Figure tin structure needed to attach microtubules. These ex-7B). These differences in cohesion reflected differences planations are not mutually incompatible. Indeed, both in the transmission fidelity of a set of minichromosomes might be correct. Our finding that CDEII and CDEIII are carrying various amounts of CEN4-flanking DNAs (in this sufficient to recruit cohesin to centromeres is consistent case, unmarked by tet operators) in cdc20-3 cells grown with the recent finding that these sequences contribute at the permissive temperature ( Figure 7D, left) . The loss to sister chromatid cohesion (Megee and Koshland, rate of minichromosomes was severalfold higher in 1999). cdc20-3 cells than in wild type (data not shown), presumably because Pds1p degradation (which normally correSequences Flanking Yeast Centromeres Also sponds to the onset of anaphase) is delayed. We conBind Cohesin and Contribute to Sister clude that the sequences flanking core centromeres Chromatid Cohesion contribute to sister chromatid cohesion and high-fidelity
We found that chromosome arms also contain sequences capable of recruiting cohesin to the site that chromosome segregation. would otherwise be unable to bind it. Scc1p is found in kinetochore proteins like Ndc10p or Cse4p (needed to recruit cohesin to centromeres) actually bind to seseveral hundred foci on chromosome spreads (Michaelis et al., 1997). These foci might correspond to cohesin quences within chromosome arms. The two cohesinpositive fragments (V548.4 and V549.6) are more A/T association sites like the one at V549.6 (see Figure 3B) . It is unclear whether cohesin is recruited to arm and rich than the six cohesin-negative fragments (see Figure  3B ; data not shown). CDEII is also highly A/T rich, but centromere sites by similar mechanisms. We noticed that the arm site at V549.6 contains the sequence this property cannot be sufficient for cohesin's association with a centromere. The high density of cohesin TTTCCGAA, which is identical to the core sequence of CDEIII. However, no such sequence is present at anassociated with sequences flanking CEN3 might be due to the frequent occurrence of cohesin association sites other arm site (V548.4). Indeed, there is no evidence that in the neighborhood of centromeres. An alternative is Building and Propagating CohesinRecruiting Kinetochores that cohesin binding spreads from core centromeric sequences.
"Established" centromeres seem to be capable of recruiting cohesin in the presence of mutations that abolMinichromosomes containing little DNA flanking CDEI-II-III segregate to opposite poles of the cell more ish its recruitment to previously inactive or "naive" centromeres. Though we cannot strictly exclude the frequently in the presence of Scc1p than do authentic chromosomes in the absence of Scc1p (data not shown).
possibility that these differences are due to CEN-flanking sequences, our data are consistent with the notion Thus, by holding sister centromeres together, cohesin recruited to core centromeric sequences very possibly that the chromatin structure needed to recruit cohesin might promote its own duplication (see Figure 5C ). Such facilitates the bipolar attachment of sister centromeres to the microtubules of spindles. However, the precostructures can be assembled de novo on a wild-type centromere with high efficiency but only infrequently cious separation of such sister minichromosomes implies that cohesin recruited solely by CDE elements canon a centromere carrying the 16A→C CDEIII mutation. Nevertheless, once assembled at the mutant centronot resist for long the splitting force that results from bipolar microtubule attachment. This phenomenon enmere, the appropriate chromatin structure can propagate itself with a much higher efficiency. This hypothesis abled us to investigate whether cohesin association sites actually confer cohesion. Our observation that 16 can also explain why temperature-sensitive kinetochore protein mutations greatly reduce cohesin's association tandem copies of a cohesin association site suppressed sister separation more effectively than an equivalent with naive centromeres but not with established ones. The apparently normal recruitment of cohesin to estabarray lacking such sites suggests that this is indeed the case. The corollary, that cohesin might be part of the lished centromeres in the presence of kinetochore protein mutations that will impair subsequent chromosome bridge that joins sister chromatids together, is consistent with the recent observation that proteolytic cleavsegregation suggests that kinetochores might be assembled by a "conservative" process; that is, duplicaage of the cohesin subunit Scc1p is necessary for sister chromatid separation (Uhlmann et al., 1999) . tion during S phase producing an old and a new kinetochore. According to this hypothesis, the mutations that The precocious sister separation of minichromosomes is gradually suppressed by the addition of CENwe have analyzed would be specifically defective in the assembly of new kinetochores. Old ones persisting at flanking DNA, which is associated with greater amounts of cohesin than most chromosome arm sequences. the restrictive temperature might continue to recruit cohesin. Whether a high density of cohesin association sequences within CEN-flanking DNAs is responsible for this phenomenon has not been addressed by our experiDestroying Cohesion ments. It has long been known that minichromosomes Finally, our data suggest that the cohesive structure are lost at a rate that is 1000-fold higher than normal built by all four cohesin subunits at DNA replication is chromosomes (Hartwell et al., 1982; Hieter et al., 1985) .
destroyed by Scc1p's cleavage in a manner that leaves We suggest that this phenomenon might be largely due behind the bulk of Smc1p and Smc3p still bound to to defective sister chromatid cohesion. The "minimal" sister chromatids. This observation will in the future be yeast centromere therefore appears to lack a crucial crucial in designing models for the cohesive structures property associated with centromeres: the ability to hold built at centromeres and for the mechanisms whereby sister chromatids together even after they have formed Scc1p's cleavage destroys them. a bipolar attachment to the microtubules of spindle. Sequences within chromosome arms, in particular those 
